One of the most common DNA lesions arising in cells is an apurinic/apyrimidinic (AP) site resulting from base loss. Although a template strand AP site impedes DNA synthesis, translesion synthesis (TLS) DNA polymerases can bypass an AP site. Because this bypass is expected to be highly mutagenic because of loss of base coding potential, here we quantify the efficiency and the specificity of AP site bypass by two Y family TLS enzymes, Sulfolobus solfataricus DNA polymerase 4 (Dpo4) and human DNA polymerase (Pol ). During a single cycle of processive DNA synthesis, Dpo4 and Pol bypass synthetic AP sites with 13-30 and 10 -13%, respectively, of the bypass efficiency for undamaged bases in the same sequence contexts. These efficiencies are higher than for the A family, exonuclease-deficient Klenow fragment of Escherichia coli DNA polymerase I. We then determined AP site bypass specificity for complete bypass, requiring insertion or misalignment at the AP site followed by multiple incorporations using the aberrant primer templates. Although Dpo4, Pol , and Klenow polymerase have different fidelity when copying undamaged DNA, bypass of AP sites lacking A or G by all three polymerases is nearly 100% mutagenic. The majority (70 -80%) of bypass events made by all three polymerases are insertion of dAMP opposite the AP site. Single base deletion errors comprise 10 -25% of bypass events, with other base insertions observed at lower rates. Given that mammalian cells contain five polymerases implicated in TLS, and given that a large number of AP sites are generated per mammalian cell per day, even moderately efficient AP site bypass could be a source of substitution and frameshift mutagenesis in vivo.
Several endogenous cellular processes and external environmental stresses generate a wide array of lesions in DNA. Although cells have evolved remarkably efficient systems to repair DNA damage, some lesions inevitably escape repair and may be encountered by one or more of the multiple DNA polymerases present in cells. Some of these lesions, including bulky adducts that alter helix geometry, strongly impede DNA synthesis by replicative and repair DNA polymerases in the A, B, and X families. However, organisms in all three kingdoms of life also contain DNA polymerases in the Y superfamily (1) , which includes four human DNA polymerases, Pol , 1 Pol , Pol
, and Rev1. Y family enzymes are of special interest by virtue of their remarkable ability to perform translesion DNA synthesis (TLS). A compelling example is human Pol , which bypasses a cis-syn cyclobutane thymine dimer produced by exposure to sunlight much better than do the major replicative DNA polymerases (2, 3) . The importance of this unusual TLS capacity is illustrated by the fact that mutations in the human POLH gene that inactivate Pol result in a 1000-fold increase in susceptibility to sunlight-induced skin cancer (4, 5) .
In the past four years, a number of investigations have defined the ability of Y family polymerases to perform TLS using a variety of structurally diverse and potentially mutagenic lesions in template DNA. These studies clearly show that TLS capacity depends on both the DNA polymerase and the lesion. For example, in addition to bypassing a thymine dimer, human Pol can bypass cisplatin and acetylaminofluorene adducts but not 6 -4 photoproducts or certain N2-guanine adducts (6 -8) . Pol has somewhat different TLS capacity, bypassing benzopyrene and acetylaminofluorene adducts but not cisplatin adducts or UV-photoproducts (9, 10) . Several studies (9 -12) have also addressed the mutagenic potential of TLS with different polymerase-lesion combinations. These studies often involve non-quantitative primer extension reactions using a single correct or incorrect dNTP, or they measure steadystate kinetic parameters for nucleotide insertion opposite the lesion and, in some cases, single base extension from the resulting damaged primer terminus. Such studies of individual events in bypass reactions have led to inferences about what the error rate of a complete lesion bypass reaction containing all four dNTPs might be, and they have provided important initial insights into the probability that any particular TLS event might suppress or promote lesion-specific mutagenesis in vivo.
The current study is intended to advance our understanding of complete lesion bypass, i.e. insertion at the lesion plus the additional incorporations involving the damaged primer-template and requiring that all four dNTPs are present. We describe two approaches that can be used to generate quantitative information on TLS efficiency and fidelity with a variety of polymerase-lesion combinations. Here we apply these approaches to one of the most common DNA lesions arising in cells, an apurinic/apyrimidinic (AP) site generated when the N-glycosyl bond between a base and a sugar is cleaved. In a mammalian cell, as many as 10,000 to 50,000 AP sites may arise per day by spontaneous depurination (13, 14) , and additional AP sites are produced by DNA glycosylases as they remove alkylated and oxidized bases. Because no DNA base is available to instruct incorporation of an incoming dNTP, by-pass of an AP site is logically expected to be highly mutagenic. This high mutagenic potential and the sheer number of AP sites arising per day in a cell has prompted many investigations of the consequences of AP site bypass by DNA polymerases in vitro and in vivo. Early studies (reviewed in Refs. 15 and 16) clearly demonstrated that DNA polymerases in the A, B, C, and X families do not efficiently bypass template AP sites. However, when bypass was observed, the most common event (with exceptions) involved insertion of dAMP opposite an AP site, a specificity that became known as the "A rule" (reviewed in Ref. 17) .
The more recent realization that Y family polymerases can bypass certain lesions more efficiently than do polymerases in other families logically led to several studies of AP site bypass by Y family polymerases. For example, in primer extension reactions using relatively high ratios of polymerase to primertemplate and long incubation times that permit multiple polymerase-lesion encounters, human Pol (18) and Sso Dpo4 (19) can both bypass AP sites. However, the efficiency with which this bypass occurs during a single polymerization cycle has not yet been determined. Moreover, the base insertion specificity and frameshift fidelity of a complete AP site bypass reaction containing all four dNTPs has not yet been quantified for Pol , Dpo4, or other Y family polymerases. Therefore, to better appreciate the mutagenic potential of an encounter between an AP site and Y family TLS polymerases, here we quantify the synthetic AP site bypass efficiency and specificity of Pol and Sso Dpo4. We chose to develop the two experimental approaches with this particular lesion/polymerase combination, because AP sites lack base coding potential and should be highly mutagenic, and because detailed information on fidelity with undamaged DNA and on protein structure is available for both Pol (20, 21) and Sso Dpo4 (22, 23) . To place the results in perspective, we also apply the same approaches to the exonuclease deficient form of the large Klenow fragment of Escherichia coli DNA polymerase I. This is an extensively studied A family polymerase for which structural information is also available and that has much higher fidelity on undamaged DNA (24) than do naturally exonuclease deficient TLS polymerases like Pol (20) and Sso Dpo4 (22) .
EXPERIMENTAL PROCEDURES
Materials-Materials for the lesion bypass and fidelity assays were from previously described sources (25) . Preparation of gapped circular M13 DNA is described in Ref. 26 . Phage T4 polynucleotide kinase, the Klenow fragment (exonuclease-deficient) of E. coli (Kf (exo Ϫ )), and the restriction enzymes PstI and EcoRI were purchased from New England Biolabs. Gel-purified or high performance liquid chromatography-purified DNA oligonucleotides were purchased from Oligos Etc., Inc. (Wilsonville, OR) and Invitrogen. [␥-
32 P]ATP, [␣-32 P]dCTP, and dNTPs were purchased from Amersham Biosciences. Human DNA polymerase was expressed and purified as described previously (6) . Plasmid p1914, which contains the P2 dpo4 gene of Sulfolobus sulfataricus, was obtained from R. Woodgate.
Purification of Dpo4 -Dpo4 was purified as described previously (19) with modifications. BL21 (DE3) containing p1914 was grown to an A 595 of 0.5 at 37°C. Expression of Dpo4 was induced by the addition of isopropyl-1-thio-␤-D-galactopyranoside to 1 mM and continued growth for 3 h. Harvested cells were resuspended in Buffer A (100 mM NaCl, 10 mM KHPO 4 , pH 7.0, 0.1 mM EDTA, 1 mM dithiothreitol) and lysed by sonication in the presence of 0.5 mg/ml lysozyme. The cleared lysate was treated at 75°C for 5 min to allow for denaturation of many of the proteins from E. coli. Following centrifugation at 20,000 ϫ g for 30 min, the supernatant was loaded onto a heparin fractionation column. Proteins were eluted with a linear gradient containing 100 -1000 mM NaCl. Fractions containing Dpo4 were pooled, concentrated, and loaded onto a Superdex 75 column equilibrated with Buffer B (50 mM NaCl, 20 mM Tris-HCl, pH 7.5, 0.1 mM EDTA, 1 mM dithiothreitol). Dpo4 was further purified by fractionation on a MonoS column equilibrated in Buffer B. Proteins were eluted with a 50 -1000 mM NaCl gradient. SDS-polyacrylamide gel fractionation of a sample from the pooled peak fractions showed a single polypeptide following Coomassie Blue staining.
DNA Substrates for Primer Extension Reactions-For the AP site bypass experiments, two substrates containing an abasic site in different sequence contexts were constructed. The TFG substrate was formed by annealing a 5Ј[ 32 P]-labeled 25-mer primer strand (5Ј-AATTTCTGC-AGGTCGACTCCAAAGG-3Ј) and the 45-mer template oligonucleotide (5Ј-CCAGCTCGGTACCGGGCTFGCCTTTGGAGTCGACCTGCAGAA-ATT-3Ј), where F contains tetrahydrofuran, a functional mimic of an abasic site (27) . The TAF substrate was prepared by annealing a 5Ј[
32 P]-labeled 24-mer primer strand (5Ј-AATTTCTGCAGGTCGACTC-CAAAG-3Ј) and the 45-mer template (5Ј-CCAGCTCGGTACCGGGC-TAFCCTTTGGAGTCGACCTGCAGAAATT-3Ј). Identical control substrates containing undamaged nucleotides were likewise constructed. The undamaged control for the TFG substrate contained an A residue in place of F and the undamaged substrate paired with the TAF substrate contained a G residue substituted for F. For the fidelity experiments, TFG and TAF substrates were prepared using an unlabeled 25-mer primer strand. For all substrates, oligonucleotides were annealed by mixing primer and template DNA strands in a 1:1.5 ratio. Mixtures were placed at 85°C and slowly cooled to 25°C.
Bypass Assay-All reactions (30 l) contained 130 nM substrate. For Dpo4, reactions were run at 70°C in mixtures containing 40 mM TrisHCl, pH 9.0 (at 22°C), 5 mM MgCl 2 , 10 mM dithiothreitol, 7.5 g of bovine serum albumin, 2.5% glycerol, 100 M dATP, dGTP, dCTP, and dTTP, and 0.25-0.50 nM Dpo4. For DNA polymerase , reactions containing 40 mM Tris-HCl, pH 8.0, 5 mM MgCl 2 , 10 mM dithiothreitol, 7.5 g of bovine serum albumin, 2.5% glycerol, 100 M dATP, dGTP, dCTP, and dTTP, and 1.8 -5.2 nM human DNA polymerase were run at 37°C. Reactions with Kf (exo Ϫ ) were run at 37°C in 10 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 7.5 mM dithiothreitol, 25 M dATP, dGTP, dCTP, and dTTP, and 0.13-2.5 nM Kf (exo Ϫ ). At time intervals from 2 to 8 min, aliquots were removed from the reaction and quenched by the addition of an equal volume of 95% formamide in 25 mM EDTA. Reaction products were fractionated on a 12% denaturing polyacrylamide gel and quantified by phosphorimaging on a Molecular Dynamics Storm 860.
Assay for Specificity during AP Site Bypass-Reactions were performed as described above using 13 nM Dpo4, 25-130 nM human Pol , and 13-130 nM Kf (exo Ϫ ) with unlabeled substrates in the presence of 50 Ci (3000 Ci/mmol) of [␣-32 P]dCTP. Following phenol extraction and ethanol precipitation, the reaction products were digested with PstI and separated by electrophoresis in a 12% denaturing polyacrylamide gel. Labeled primer strand extension products running from 32 to 36 nucleotides in length were excised from the gel and eluted by a crush-andsoak method (28) . Recovery of the oligonucleotide DNA was quantified by the amount of radioactivity in the sample. The oligonucleotide was annealed to a gapped M13lac DNA at 5-to 10-fold molar excess of oligonucleotide to gapped DNA as described previously (26) . The resulting hybrids were transfected into E. coli and plated to score mutation frequency by plaque color (25) . DNA was prepared from a number of independent revertants and sequenced through the 35-nucleotide region to determine the specific sequence alteration responsible for the reversion event.
To determine the efficiency of (Ϫ) strand expression following transfection, eight different 35-mer oligonucleotides (5Ј-GGTCGACTC-CAAAGGCTAGCCCGGTACCGAGCTGG-3Ј), each containing a different single base at CTA (shown in bold), were hybridized as above to gapped circular M13 DNA. The sequences at this CTA region for the eight oligonucleotides are as follows: CCA, CAA, CGA, ATA, GTA, CTG, CTT, CTC. Each of these oligonucleotides creates a different mispair at a TAG stop codon within the lacZ coding sequence. Each of the eight hybrids were transfected and scored for plaque color as described above.
RESULTS

Strategy
To Measure TLS Efficiency-The approach uses DNA substrates with a 45-base template strand annealed to a 5Ј-32 P-labeled 25-base primer strand. Two substrates are compared, one with an undamaged template strand and the other with a lesion located at a defined position. In this case we use a synthetic AP site (a tetrahydrofuran residue, designated F) located two nucleotides downstream of the 3Ј terminus of the primer strand (Fig. 1) . Primer extension is performed in reaction mixtures containing a large excess of template-primer over polymerase, such that once a primer is extended, the probability that it will be used a second time is negligible, i.e. the products reflect a single cycle of synthesis. Radiolabeled DNA products are resolved on a denaturing polyacrylamide gel and quantified using a phosphorimager. As described previously (29, 30) and shown below (Fig. 2) , single-hit conditions are empirically determined by performing reactions at different enzyme-substrate ratios and then quantifying the probability of termination of processive synthesis as a function of incubation time. Termination probability at any template position is defined ( Fig. 1) as the band intensity at that position divided by the intensity at that position plus all longer products. Appropriate single-hit conditions are operating when termination probabilities remain constant with incubation time at any particular enzyme-substrate ratio, a condition that has been met for the values reported in this study. Termination of processive synthesis is usually followed by polymerase cycling to another, previously unused primer, as indicated by the fact that the ratio of original primers extended to polymerases molecules present is high. Importantly, the DNA product profile can also be used to calculate other parameters related to lesion bypass. Referring to the substrate in Fig. 1 , these are as follows: (a) insertion probability, total products greater than or equal to (N 2 ) divided by all products greater than or equal to (N 1 ); (b) extension probability, products at (N 3 ) or greater divided by products at (N 2 ) or greater; (c) lesion bypass probability, products at (N 3 ) or greater divided by (N 1 ) or greater; (d) bypass efficiency, bypass probability with the damaged substrate over that seen with the undamaged substrate. Each of these parameters reflects the consequence of a single encounter of a polymerase with a lesion.
The Efficiency of AP Site Bypass-Exonuclease-deficient Klenow polymerase is a moderately processive enzyme whose termination probability with undamaged DNA varies by template position from about 1 to 20% (31) . Similar results are observed with the undamaged template used here ( Fig. 2A , lanes 2 and 3 in left panel, 1000-fold excess of DNA). Termination probabilities are between 1 and 5% at template positions N 1 through N 7 (Fig. 3A, open bars) . As expected based on earlier studies (16, 32) , a synthetic AP site strongly impedes synthesis by Klenow fragment ( Fig. 2A, lanes 2 and 3 in right panel) . When these data are quantified, termination probabilities (Fig. 3A , gray bars) are strongly increased at positions N 1 (the base prior to the AP site) and N 2 (the location of the AP site). The insertion probabilities opposite AP sites in two different sequence contexts (Fig. 4, top panel) are 77 and 55%, slightly lower than the FIG. 1. Primer extension products for lesion bypass efficiency measurement. Panels of scanned images show typical spectrum of reaction products using undamaged (left) and damaged (right) substrates. Partial sequence of the primer-template substrate is shown to the left of the images. The location of the damaged base on the template strand is designated with an X. For the substrates discussed here, the undamaged template has an A residue, and the damaged substrate has a tetrahydrofuran moiety (F) at this location. The location of the 3Ј end of the unreacted primer strand is shown by N 0 , and the full-length extension product is designated as N 20 . Terms used to describe lesion bypass characteristics for a lesion located at the N 2 position are summarized on the right. probability of insertion opposite the equivalent undamaged positions (97 and 98%). However, extension probabilities from the resulting damaged primer-templates are only 3.8 and 6.5%, much lower than highly probable extension of undamaged substrates (95 and 97%). This reduces the percentage of AP sites that are actually bypassed to only 3% (Fig. 4, top panel) . This strong barrier to synthesis is also seen with a 100-fold higher ratio of enzyme to DNA ( Fig. 2A, lanes 6 and 7 in right panel) . Even here, only 6% of primers resulting from insertion opposite the AP site are extended further, despite the fact that nearly all of the initially provided primers were extended indicating that repeated enzyme cycling occurred. AP site bypass efficiency increased beyond 3% only when the ratio of polymerase to DNA is 1:1 ( Fig. 2A, right panel, lanes 8 -10) , and even then many of the primers resulting from insertion opposite the AP site are not extended.
For Dpo4, DNA synthesis using an undamaged template is moderately processive (19) . With the undamaged templates used here, termination probabilities vary from about 3 to 8% for positions N 1 through N 7 (see Fig. 2B , left panel and Fig. 3B,  open bars) . Just as for Klenow polymerase, Dpo4 termination probabilities at positions N 1 and N 2 were strongly increased with the AP site-containing substrate (Fig. 3, gray bars) . Similar lesion-dependent increases were also detected at positions N 3 , N 4 , and N 5 . However, termination probabilities on the two substrates were not different at the position two nucleotides upstream of the lesion or at positions N 6 through N 8 . When considered in light of Dpo4 structural information (see "Discussion"), this pattern likely reflects aberrant interactions between Dpo4 and AP sites present at various locations as bypass synthesis proceeds. Despite the increased termination probabilities at N 1 through N 5 , Dpo4 is more efficient than Klenow polymerase in bypassing an AP site (e.g. Fig. 2B , right panel, lanes 2-9, all single-hit conditions as defined above). Bypass efficiency by Dpo4 with the TFG substrate is 30%, 9-fold higher than for Klenow polymerase (Fig. 4) . Dpo4 is also more efficient than Klenow polymerase in bypassing an AP site in the TAF substrate (13 versus 3.7%). Interestingly, the higher overall bypass efficiencies of Dpo4 do not result from more probable insertion opposite the AP site, because in this parameter Klenow polymerase is actually greater than is Dpo4 (77 and 55 versus 45 and 38%, respectively). Instead, Dpo4 is more efficient in overall bypass because of the increased probability of extending an insertion opposite the AP site (60 and 31% for Dpo4 versus 3.8 and 6.5% for Klenow polymerase). Human Pol has low processivity when copying undamaged DNA templates (see Refs. 6, 33, and 34 and Fig. 2C, left lanes  2-5) , with termination probabilities of 40 -80% observed with the undamaged 45-base templates used here (Fig. 3C, open  bars) . As with Klenow polymerase and Dpo4, Pol termination probabilities at positions N 1 and N 2 were increased with the AP site-containing substrate (Fig. 3C, open bars) . Thus, incorporation by all three polymerases is affected by the presence of an AP site in the template strand one position upstream of the polymerase active site. Pol is relatively inefficient for nucle- otide insertion opposite AP sites in the TFG and TAF substrates, as well as for extension from the resulting primertemplate (see Fig. 2C, right panel, lanes 2-5 and Fig. 4, bottom) . From these results and the values for undamaged DNA, the efficiency with which Pol bypasses the AP sites in the TFG and TAF substrates are 10 and 13%, respectively. As evidenced by the standard deviation values for multiple determinations (Fig. 4) , the uncertainty in the Pol probability values is slightly greater than for Klenow polymerase and Dpo4. This is because Pol has low processivity and generates fewer products of longer chain lengths. However, an additional experiment conducted using a 10-fold high amount of Pol resulted in much lower yields of full-length products with the damaged substrate as compared with the undamaged substrate (Fig. 2C , compare lanes 6 and 7 in left and right panels), again clearly indicating that AP sites impede bypass by human Pol . Nonetheless, Pol can bypass an AP site given sufficient enzyme and reaction time (Fig. 2C, right panel, lane 8) , confirming results of earlier qualitative studies (6, 7, 18) .
Strategy to Measure TLS Fidelity-The fidelity assay (Fig.  5A) is an adaptation of a method used to measure the fidelity of a base excision repair reaction (26) . The substrates are those used for the efficiency measurements and are comprised of a 25-base primer annealed to an undamaged or lesion-containing 45-base DNA template whose DNA sequence is a modified N-terminal region of the lacZ ␣-complementation gene of bacteriophage M13mp2 (Fig. 5B) . The template sequence downstream of the 3Ј end of the primer strand contains a TAG (Fig.  5B ) nonsense codon. In this study, the damaged template contains the AP site at the nonsense codon, as either 5Ј-TFG-3Ј or 5-TAF-3Ј. Primer extension reactions that generate full-length products are performed using the conditions shown in the rightmost lanes of each panel in Fig. 2 , using [␣-32 P]dCTP rather than an end-labeled primer. Use of an internal radiolabel allows digestion of the DNA products with PstI followed by separation in a denaturing polyacrylamide gel of the unlabeled 39-base (ϩ) strand DNA template from the radiolabeled (Ϫ) strand products of complete bypass (Fig. 5A ). The extension products are then excised and eluted from the gel. This includes products ranging from 32 to 36 nucleotides in length, to recover additions or deletion errors generated during bypass. (In our experience, polymerase addition and deletion errors outside this size range are very rare.) The eluted (Ϫ) strand fragments are then hybridized to the complementary (ϩ) strand within a 35-nucleotide gap present in circular M13lac DNA.
Upon introduction of this M13 DNA into an appropriate E. coli strain followed by plating, errors in the newly synthesized minus strand made during bypass of the undamaged or AP site-containing nonsense codon are detected by M13 plaque colors. Incorporation of T opposite F in the 5Ј-TFG template (Fig. 5A) , or either T or C opposite F in the 5Ј-TAF template (not shown), maintains a nonsense codon at this location. Although the nonsense codons yield faint blue plaques, presumably because of slight translational read through in this sequence context, incorporations that yield other codons are easily scored as dark blue plaques. Eight single base substitutions are detectable, including incorporation of dCTP, dATP, or dGTP opposite F in TFG and incorporation of dATP or dGTP opposite F in TAF (Fig. 5B) . Fortuitously, the faint blue phenotype for "correct" incorporation that maintains the nonsense codons also permits a variety of deletion, addition, or more complex errors to be scored as colorless plaques. The identity of the substitutions, deletions, and additions can be determined by sequencing DNA from independent dark blue or colorless M13 phage.
As controls to determine the efficiency of expression of polymerization errors in the 35-base products of in vitro DNA synthesis, we hybridized eight different 35-base oligonucleotides to gapped circular M13 DNA, each containing a different single base error at TAG. When these heteroduplexes containing single base mismatches were introduced into E. coli and plated, 50 -70% of the plaques were dark blue (Table I) . These (Ϫ) strand expression values are similar to the observed 60% expression of the minus strand in earlier mismatched heteroduplex expression studies (25) . They indicate that, on average, 60% of single base errors made during lesion bypass in vitro are detected using this experimental approach.
The Specificity of AP Site Bypass-DNA synthesis reactions were performed with all three DNA polymerases using the TFG and TAF templates, as well as the corresponding undamaged TAG template. To obtain sufficient full-length reaction products for fidelity analysis, we used the DNA to enzyme ratios shown in the far right lanes of the panels in Fig. 2 , which show the profile of the reaction products observed with the 5Ј-TAG and 5Ј-TFG substrates. Similar profiles were obtained using the TAF substrate (not shown). DNA products were recovered and processed to score the frequency of each M13 plaque color (Table II) . For bypass of the AP site in both damaged templates by all three DNA polymerases in duplicate experiments, between 51% (Pol , TFG) and 60% (Dpo4, TAF) of the resulting plaques are mutant (i.e. dark blue plus colorless; see Table II ). The mutant frequencies were much lower for copying the undamaged template, indicating that AP site bypass was highly mutagenic. In fact, because errors are expressed at 60% efficiency, these high mutant frequency values observed with the damaged substrate demonstrate that AP site bypass by all three polymerases is nearly 100% "mutagenic," i.e. the sequence is different from TAG.
DNA from independent dark blue and colorless M13 plaques A  TGG  A-dCTP  2179  1351  62  TTG  A-dATP  2619  1652  63  TCG  A-dGTP  2768  1391  50  G  TAT  G-dATP  2695  1594  59  TAC  G-dGTP  2869  1764  61  T  CAG  T-dGTP  2938  2041  69  AAG  T-dTTP  2553  1659  65  GAG  T-dCTP  2067  1368  66 was sequenced (Table III) , and the results were used to calculate rates for various AP site bypass events (Fig. 6) . The majority of the dark blue plaques from AP site bypass reactions by all three polymerases reflect insertion of A followed by continued multiple polymerizations using a primer-template containing a dAMP⅐AP site "pair." Smaller fractions reflecting dCMP and dGMP incorporation at the AP sites were also detected. In contrast, dark blue plaques resulting from copying the undamaged template contained base substitutions distributed more broadly at all three bases of the TAG codon (Table III) . The error rate calculated from these data with undamaged DNA (not shown) are generally similar to values reported previously for base substitutions by these enzymes (22, 24, 35) . Colorless mutants were also recovered from the AP site bypass reactions but at lower frequencies than for dark blue plaques (Table II) . Colorless mutant frequency values were higher for copying the TFG and TAF substrates than for copying undamaged DNA. Sequencing analysis indicated that the vast majority of colorless plaques recovered from reactions with undamaged DNA contained errors that were not at the AP site but rather were scattered elsewhere throughout the target sequence. Some changes were in the uncopied region of the substrate and likely reflect rare errors made during chemical synthesis of the oligonucleotides (26) . Other changes were in the template region copied by the polymerases and likely reflect errors made during chemical synthesis of the template plus frameshift errors made by the polymerases when copying the undamaged bases. In contrast, 88 -98% of the colorless plaques resulting from copying the AP site containing templates contained a deletion of the AP site. Thus AP site bypass by all three polymerases results in single nucleotide deletions.
The rate for each AP site bypass event by each polymerase (Fig. 6) was calculated from the DNA sequence analysis and the probability of minus strand expression. The results show that the preferred event is stable incorporation of dAMP at the AP site in both sequence contexts. This is followed by bypass events that result in the deletion of the AP site and then by stable incorporation of dGMP and/or dCMP at the AP site. The fact that the total mutant plaque frequencies in Table II are consistently slightly lower than the minus strand expression values for control 35-base oligonucleotides in Table I suggests that a small percent of bypass events may involve misincorporation events at the AP site that yield a light blue phenotype, i.e. dTMP insertions for the 5Ј-TFG substrate and either dTMP or dCMP insertions for the 5Ј-TAF substrate.
DISCUSSION
This study investigates two important characteristics of translesion DNA synthesis with templates containing an AP site: bypass efficiency and bypass specificity. As in earlier reports (6, 7, 18, 19, 36) , we observe that Pol , Dpo4, and Klenow polymerase can indeed bypass AP sites. The present work extends those earlier studies by providing quantitative bypass efficiency parameters for a single cycle of processive DNA synthesis with all four dNTPs present. This situation is relevant to TLS in cells, with the understanding that polymerase accessory proteins may eventually be found to influence bypass efficiency and fidelity in vivo. The AP site bypass efficiency of Dpo4 is higher than that of Pol . This is not merely the result of the higher processivity of Dpo4, because Klenow polymerase has similar processivity to Dpo4 with undamaged templates, but it has lower AP site bypass efficiency than Dpo4 (Fig. 4) . The AP site bypass observed here for Dpo4 is consistent with an initial report (19) but contrasts with a more recent study, indicating that AP sites block bypass by Dpo4 (37) . Bypass efficiency differences may partly be explained by the fact that bypass efficiency varies with sequence context (Fig. 4) and perhaps reaction temperature, because the inefficient bypass reaction with Dpo4 was performed at 55°C (36) . The impediment to polymerization posed by an AP site reflects higher termination probabilities and lower efficiencies for multiple steps in the bypass reaction. For example, increased termination of processive synthesis is seen for incorporation of the nucleotide preceding the AP site and also for nucleotide insertion at the AP site (Fig. 3) . The efficiencies of insertion at the AP site followed by extension from the resulting primer template are both decreased (Fig. 4) . Although AP sites affect all three parameters with all three polymerases, the magnitude of the effects is polymerase-specific (Fig. 3) . For example, the increase in termination probability and the decrease in extending the primer following insertion at the lesion are much greater for Klenow polymerase than for Pol . The opposite is true for insertion at the lesion, where the efficiency is reduced by AP sites more for Pol than for Klenow polymerase. These variations likely reflect differences in how these A and Y family DNA polymerases interact with the primer-template when the AP site is in the binding pocket for the nascent base pair, at the primer terminus or in the downstream template. This is schematically illustrated in Fig. 7 , which presents the putative location of the AP site as synthesis progresses, in relation to Dpo4 interactions with undamaged DNA in a crystal structure (23) . The termination probability "footprint" shown in Fig. 3B suggests that Dpo4 recognizes the AP site in the template strand when situated opposite the incoming nucleotide and one base in advance of entry into the active site. In addition, it senses the AP site for successive incorporations when three base pairs are made beyond the AP site. Increased termination at these five template strand sites may reflect aberrant interactions between the damaged primer-template and the little finger of Dpo4. Note that considerable contacts are made between the little fingers region and the backbone of the undamaged template strand at these sites (Fig. 7B) . This is particularly interesting, because the little finger of TLS enzymes is the least conserved among the four polymerase subdomains that are common to Y family DNA polymerase members. Thus, as suggested earlier (23) , differences in the little finger may partly determine lesion bypass specificity of different Y family enzymes, a hypothesis that can be tested by applying the present approach to a variety of polymerase-lesion combinations. The apparent insensitivity of a TLS polymerase to the lesion after a few additional nucleotides are incorporated beyond the lesion may trigger the switch to more processive and more accurate replicative DNA polymerases. A change in termination probability may also signal the initial switch from a major replicative polymerase to a TLS enzyme or a switch from one TLS enzyme to another with different substrate specificity.
This study also has implications for mutagenesis resulting from AP site bypass. Because the physiological rate of spontaneous base loss is ϳ20 times greater for purines than pyrimidines (13), here we chose to place the AP sites in locations corresponding to the undamaged purines of the TAG codon. From this reference point, the vast majority of bypass events observed here with all three polymerases can be considered mutagenic. The preferential incorporation of dAMP at the AP site during a complete bypass reaction catalyzed by Klenow polymerase was anticipated by a much earlier study of E. coli DNA polymerase I (38) . The preferential incorporation of dAMP at the AP site during a complete bypass reaction catalyzed by Dpo4 and Pol is consistent with numerous studies of single nucleotide insertion that all show preferential insertion of dAMP (10, 19, 39, 40) . In our study, preferential dAMP incorporation by all three polymerases is observed in two dif- Template strand bases are color-coded on a scale in which green indicates 0% termination probability, and red indicates 100% termination probability when an AP site is present at a given location during bypass. The colors of each template base strand base in this region are based on the numerical values reported in Fig. 3B . All other bases are shown in gray. The protein surface is depicted as transparent. The illustration was created based on the ternary structure of Dpo4 (23) (Protein Data Bank code 1JX4) using Molscript (41), GRASP (42) and Raster3D (43) . ferent sequence contexts, one of which (5Ј-TAFC) is not flanked on either side by a template thymine. Thus, most incorporation of dAMP at the AP site is not templated by misalignment that allows an immediate neighbor to be used twice. Moreover, the results in Fig. 6 demonstrate that the majority of dAMP insertions are subsequently extended as aligned primer-templates to yield single base substitutions. All three polymerases share this preference for using the aligned state, which is interesting, because when copying undamaged DNA, the rates at which Dpo4 (22) and Pol (20, 35) generate single base deletion and addition errors are much higher than the rates at which exonuclease-deficient Klenow polymerase generates such errors (24) . This is not to say that AP site bypass does not result in frameshift errors, because single base deletions are generated at detectable rates by all three polymerases (Fig. 6) . Structural studies of Dpo4 bound to AP site-containing template-primers 2 have revealed intermediates consistent with the production of dAMP substitution and single base frameshift errors by Dpo4 during AP site bypass.
The experimental approach used here to study fidelity is complementary to studies involving single nucleotide incorporation, and it monitors substitution, deletion, and addition errors. Because the current approach measures the final outcome of the multiple incorporations required for complete bypass, it can detect the cumulative effects on fidelity of small changes in different individual steps in the bypass reaction. The assays described in this study are flexible and can be used in the future to study bypass parameters for a variety of different lesions and DNA polymerases, alone or in combination and with or without accessory proteins.
